Introduction
Flow through flocs affects the floc separation from liquid and sludge settling. Settling of sludge is modelled in terms of the solid concentration and some parameters characteristic for that sludge. For example, for activated sludge (Ekama et al. 1997): v zs = k exp (-nC) (
Where v zs is settling velocity of activated sludge solid/liquid interface (m/s); C is activated sludge concentration (mg/L); and k and n are constants of characteristics for the particular sludge.
The physical meaning of the empirical parameters k and n in equation 1 is not known but these parameters might represent some properties of flocs. For example, parameter (k) in equation 1 represents settling rate of a solid/liquid interface (v zs ) at low sludge concentration (C ~ 0). At low concentrations, sludge settling is determined by sedimentation of individual flocs, therefore parameter k may represent an average settling velocity of individual flocs.
In the compression settling zone the sludge is subjected to solid pressure lowered by the dynamic pressure of fluid draining from the compacting sludge. Therefore, permeability and flow through flocs would determine the settling rate of sludges in the compression zone. Adler (1981) developed the following equations to estimate the flow velocity inside and through a settling floc:
Materials and Methods

Experimental Determination of Flow Through Flocs
Where u is intra-floc flow velocity (m/s); q is flow rate through a floc Where k is floc permeability (m 2 ). Knowledge of floc size, settling velocity and permeability is necessary for calculation of flow rates through particle aggregates with equations 2 to 4.
Size and settling velocity of alum and activated sludge flocs
Size and settling velocity of individual flocs can be determined in settling tests (Li et al. 1987) . The settling velocity of a floc is determined by measuring, from photographs, the floc travelling distance during the course of free settling and recording the corresponding time. Average size and settling velocity of alum coagulation and activated sludge flocs from the settling tests conducted by Gorczyca (2000) are shown in Table 1 .
Permeability of flocs
The permeability of activated sludge flocs has been determined experimentally. Wu et al. (1998) observed the motion of individual activated sludge flocs moving towards an impermeable plate. When a particle was approaching the plate, the hydrodynamic drag would increase because the fluid in the gap between the particle and the plane was repelled radially. Consequently as the particle approached the plate, its settling velocity was reduced. This reduction in settling velocity of individual flocs can be related to floc permeability. Wu et al. (1998) reported that the permeability of activated sludge flocs determined with this methods varied from 0.7 × 10 -7 to 5 × 10 -7 m 2 .
In many cases, the evaluation of floc permeability is usually based on permeability models such as Davies (Logan et al. 1987) or the CarmanKozeny equation (Li et al. 1992; Wu et al. 1998) . However, the estimate of floc permeability with these models is usually inadequate because the permeability models are too simplistic and do not recognize the multilevel structure of flocs (Gorczyca et al. 2001) . The information on floc porosity is essential for estimation of the permeability of the aggregate. The average porosity of alum and activated sludge flocs determined on thin sections of these flocs was similar, varying in the range from 8 to 9%. Similar porosity of the two different types of aggregates suggested that the permeability of these flocs could also be similar. However, the experimental observations of floc settling rates did not support this expectation and led to a conclusion that activated sludge flocs are more permeable than alum flocs. When the size distributions of pores on flocs' sections were analyzed using the concept of fractal geometry, pores in activated sludge flocs were found twice as large as the pores in alum coagulation flocs (Table 2) . Therefore, the size of characteristic pores rather than the average total porosity determines the permeability of an aggregate.
No literature data is available on the permeability of alum coagulation flocs. The estimate of alum floc permeability in this study was made based on the experimentally determined permeability of activated sludge flocs and the sizes of pores measured on the sections of both types of flocs. Table 2 shows estimated sizes of pores in alum and activated sludge flocs determined in fractal analysis of porosity data. Preparation of floc sections as well as the fractal analysis of porosity data have been described elsewhere (Gorczyca et al. 2000 (Gorczyca et al. , 2001 . The pores in alum flocs were found to be about two times smaller than pores in activated sludge flocs, therefore, the permeability of alum flocs was assumed to be equal to about half of the permeability of activated sludge flocs (Gorczyca et al. 2001 ). In Table 3 , velocities of flow through flocs calculated with equations 2 and 3 as well as the values of floc permeability used in the calculations are presented.
Flow Through Model Flocs
The Sierpinski carpet model has been successfully used to represent floc structure (Gorczyca et al. 1999 (Gorczyca et al. , 2001 . Three examples of Sierpinski carpets constructed with different algorithms and different contraction ratios (r) are shown in Fig. 2 . The simplest square Sierpinski carpet with b = 3, l = 1 and N = 1 depicted in Fig. 3 was assumed to represent both alum and activated sludge floc aggregate and clusters forming the floc (microfloc and flocculi depicted in Fig. 1 ). Adler (1986) suggested the following form of the Carman-Kozeny equation to calculate permeability of an ideal Sierpinski carpet:
Where k* is dimensionless permeability k* = k/D 2 ; b 2 is the number Average geometric porosity (%) 9 ± 7 8 ± 8 Small pores (µm 2 ) < 3 < 3 Medium pores (µm 2 ) 3 to 10 3 to 20 Large pores (µm 2 ) >10 >20 Flow velocity inside 20 0.7 a floc (Logan et al. 1987) Average flow rate 10 9 5 x 10 7 through flocs (µm 3 /s) (this study) (this study) of subsquares in the carpet; l 2 is the number of subsquares removed in the carpet; and N is the construction stage.
It is important to note that equation 5 requires information on the size and method of construction of the carpet only and does not require any estimate of carpet (floc) porosity. The area of the carpet was assumed to be equal to the average cross-sectional area of activated sludge and alum coagulation flocs (Table 1) . Permeability, pore area and cluster sizes calculated for the carpets representing alum and activated sludge flocs are presented in Table 4 . For comparison, pore areas measured on the sections of the real flocs are also shown in this table (Gorczyca 2000) .
Discussion
The flow velocities inside an activated sludge floc estimated in this study compare well with the flow velocities measured experimentally in the biofilms at the distance of about 100 µm from substratum by Beer et al. (1995) (Table 3 ). The internal flow velocities measured in biofilms are higher, most likely due to higher velocity of the external liquid flow (3.4 cm/s) as compared to the external flow experienced by the settling activated sludge floc (0.38 cm/s). The velocities inside activated sludge flocs estimated in this study were significantly higher than the velocities in microbial flocs calculated by Logan and Hunt (1987) . Logan and Hunt (1987) used Davies permeability model, which assumed homogeneous floc porosity of 99.5% and size of primary particle of 1 µm. The permeability estimates made in this study are based on experimentally determined permeability and sizes of pores inside flocs.
The total flow rates through Sierpinski carpets used to model alum and activated sludge flocs compared well with the flows estimated based on experimentally determined permeability. The differences between the modelled and experimental results could be due to the following simplifying assumptions made in the calculations: 1.) In this analysis an ideal Sierpinski carpet described floc aggregate and all clusters (microfloc and flocculi in Fig. 3) ; since flocs are formed in random collisions of clusters random carpets would be more appropriate. 2.) All the clusters building the floc aggregate were modelled with the Fig. 1 . Multi-level model of floc formation (Li et al. 1997 ).
same Sierpinski carpets. Therefore, the same fractal dimension described all these clusters; however, the experimental data showed that clusters building the floc (i.e., microfloc and flocculi) are characterized by different fractal dimensions, therefore, should be modelled by different carpets (Gorczyca et al. 1999 ). Zheng et al. (1999) simulated sludge batch settling incorporating both zone and compression settling. In the model, the unit volume of sludge was subjected to effective stress (P s ) that is equal to the difference between the sludge weight and the dynamic pressure of the fluid flowing out from the dewatering sludge:
Application of the Results to Modelling of Sludge Settling
Where g is the gravitational acceleration (m/s 2 ); P is dynamic fluid Fig. 3 . Sierpinski carpet used to model a floc.
Fig. 2. Examples of ideal Sierpinski carpets (N = construction stage).
Downloaded from https://iwaponline.com/wqrj/article-pdf/37/2/389/228885/wqrjc0370389.pdf by guest pressure (N/m 2 ); z is the vertical coordinate (m); ρ f is the density of floc (kg/m 3 ); and ρ w is the density of water (kg/m 3 ). In this model, the dynamic fluid pressure gradient (dP/dz) is related to the settling velocity of solid/liquid interface through Darcy's law for flow through porous media: Cluster 4 da = 8.6 µm da = 4 µm (Flocculi) k = 2.5526 x 10 -12 m 2 k = 6.0592 x 10 -13 m 2 a = 6.5 µm 2 a = 1.5 µm 2 small pores measured on thin small pores measured on thin sections of flocs varied from sections of flocs varied from 0.1 to 6 µm 2 0.1 to 3 µm 2 Cluster da = 3 µm da = 1.4 µm (Microcolony) k = 2.8428 x 10 -13 m 2 k = 6.7646 x 10 -14 m 2 a = 1 µm 2 a = 0.2 µm 2 Flow rate through 0.7 x 10 9 3 x 10 7 the settling carpet composed of clusters 1 to 4 (µm 3 /s) Where K 1 is the reciprocal of hydraulic conductivity (m/s); and v is the settling velocity of solid/liquid interface relative to bulk fluid flow (m/s).
In the zone settling region, solid/liquid interface velocity (v) has been modelled with the empirical Vesilind equation (same as equation 1):
Substituting equations 8 and 7 into 6 and assuming that during zone settling the effective stress (P s ) is absent:
From equation 9 an expression for parameter K 1 can be obtained:
It is important to note that equation 10 contains parameters reflecting characteristics of flocs, i.e., floc density (ρ f ) and floc settling velocity (k 1 is the same as k in equation 1).
In the compression settling, the effective solid stress (P s ) is no longer equal to zero. Zheng et al. (1999) postulated an equation for P s :
Where H is the height of the solid/liquid mixture undergoing compression; t is time; and K 2 is the coefficient.
In microscopic scale, the floc effective density (sludge weight) and floc permeability (hydrodynamic pressure) determine the degree of sludge compression (dH/H). Zheng and Bagley (1999) proposed the following equation expression for the coefficient K 2:
Where n 2 and k 2 are coefficients. To simulate both zone and compression settling parameters K 1 and K 2 have to be estimated experimentally. Yet, the theoretical expressions describing these parameters (equations 10 and 12) both contain variables representing properties of flocs, i.e., floc density (ρ f ) and floc settling velocity (k 1 ). It is likely, therefore, that the calibration parameters K 1 and K 2 can be predicted based on sludge concentration and floc properties alone. If that is the case, the secondary settling models could be quickly re-calibrated to simulate settling of a variety of sludges. Table 5 shows the parameters k 1 , k 2 and n 2 used to calibrate a model simulating settling of alum and activated sludge and properties (or combination of the properties) of individual flocs as determined in this study. Parameter k 1 is in excellent agreement with the settling velocity of individual flocs as speculated in the Introduction section. Products of the floc effective density, intra-floc velocity and floc permeability and the value of the parameter k 2 , turned out to be quite similar. Parameter n 2 was compared to the dry density of flocs. This comparison suggests that the parameters used to calibrate a secondary settler model for simulation of settling of alum and activated sludge are related to the properties of individual flocs constituting those sludges.
Conclusions
Based on the observations and analyses made in this study the following conclusions can be drawn:
1. Flow through a floc cannot be estimated adequately with models based on homogeneous floc structure. 2. Flow through flocs estimated with the permeability model based on fractal floc structure yields results in agreement with experimental findings. 3. Calibration parameters used in the models simulating settling of alum and activated sludges can be correlated with the properties of individual flocs constituting those sludges. (Li et al. 1987) Batch settling model 0.5 0.64 parameter n2 (m 3 /kg) (Zheng and Bagley 1999) (Zheng and Bagley 1999) 
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